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APSTRACT

The turbulence phenomena associated with the mixing of fuel and air in a

supersonic combustion ramjet are studied. The turbulence generated by coaxial

and normal jet fuel injection is studied by analyzing a control volume in which

fuel and air are mixed. These two, modes of fuel injection are examined for

various initial conditions in order to compare their rp:cpective characteristics

and determine the design advantages of each mode.

The results of this analysis show that large turbulence energies can be

generated, much larger than the energy added by the jet. Thus one draws a

mental picture of the fuel jet exciting tha flow into a turbulent state. This

turbulence energy if frozen into the flow causes losses in thrust and specific

impulse. These losses are calculated L s flight speed varies fo- both modes of

fuel injection. A universal plot for a dia omic gas y= 1.4t was determined for

which specific impulse losses are found to be- a function of relative httrbulenee

intensity and flight speed. These losses are large but not catastropic as

previously reported by Dr. James Swithenbank of the University of Sheffield,

Englaod.

Experimental results from a compressible turbulent shear flow experimeit,

the decay of a supersonic free jet, have important theoretical implicasions and

are used in formulating a new theoretical model for turbulent ehear flqw. A

basic relationship between the local "eddy viscosity" and the square root of the

local turbulent kinetic energy, has been found for incompressible and supersorde

jets. This result plus a correlation oi the turbulent energy dissipatIon rate

allows the formulation of a turbulent flow model that includes calculation of the

turbulent kinetic energy field as well as the mean velocity, mean temperature,

and mean concentration fields.

A fuel injector designed to maximize the tu-bulent kinet.. energy was tested

to verify the existing mixing rate correlations, This fuel injector, a normal

jet, of high Mach number and rectangular cross section exhibited slightly larger

penetration distances than predicted by a recent correlation developed by

Povinelli at the NASA Lewis Flight Propulsion Laboratory. The mixing rate,

iii •



AFAPL-TR-71-18

as measured by decay of the maximum voncentration, was nearly an order of

magnitude faster than predicted by the correlation due to Henry at the NASA

Langley Research Center. Further, it is postulated that the mixing length of

this injector may be independent of initial conditions. The reeults of this study

are directly applicable to the design of supersonic combustion ramjet engines.
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PREFACE

The prediction of turbulent mixing rates has always been ane of the darkest

secrets in the black art of propulsion. Because of its importance and lack of

understanding of its mechanism,this phenomenon has been restudied. A new

formulation is developed in this dis.ertation based on new data obtained from a

simple turbulent shear flow, the supersonic free jet. This formulation grew

from the need to explain the static pressure defect, measured on the centerline

of the free jet extending" fro-n the end of the potential core downstream to thel

last mcasurement stativn. This defect was measured fov all initial Mach N

numbers, total pressures, and total temperatures tested in the laboratory.

This pressure defect is so large, in the high Mach number region of the jet,

that it must be included in the dynamic of the flow. This static pressure defect

is now believed to be a direct measurement f the radial component of the

Reynolds stresses at that point in the flow.

I wish to express my appreciation to Professor Rudolf Edse for the friend-

ship, guidance, and understanding he has given me as my advisor since ;he start

of my academic work at The Ohio State University.

This wotik was accomplished at the Air Force Aero Propulsion Laboratory

as part of Project 3012, Special Ramjets. I also wish to express appreciation

to the following men of the Ramjet Division for their contributions to this work:

To Mr. John T. Hojinacki, friend and confidant, who taught me much about

modern electronic instrumentation systems and was always there when eAtra

help was needed. To Mr. Wayne A. Zwart, formerly of the Ramjet Division,

who did a competent job of mechanical design of the water cooled free jet

combustor and nozzle.

To Mr. Kenneth G. Schwartzkopf who programmed the transformation of

the data acquisition system tapes into dimensional flow variables; a program I

that I wanted changed constantly. To the technicians of the Laboratory, Mr.

Robert A. Schelenz, Mr. Dante CincerElli, and Mr. Ashton Sayre who

cooperated fully with me to put forth our best efforts en the siLces:'::1 -xVeri-

ments and also the many frustrating and unsuccessful experiments not reported.
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Institute of Technology who, sunported some preliminary hot wire ariemometer

experiments in the Mechaplcsl1 Engineering Lab.

Finally, I want to thank- Susan, for giving me five beautiful babies, our most

important contribution to this world.
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SECTION I

INTRODUCTION

1.1 BACKGROUND

The development of the supersonic combustion ramjet engine for hypersonic

flight propulsion has necessitated much research on the processes of fuel

injection and mixing because of their great influence on engine performance and

design. Incomplete mixing Is obviously undesirable since unmixed fuel cannot V

be burned. Long mixing lengths not only increase engine weight and cooling

requirements but also drag. Therefore, rapid mixing is desirable. The fuel

Injection mode strongly governs total pressure losses due to mixing so that total

engine performance may be reduced greatly bv mixing. The mixing flow field in

the supersonic combustion ramjet is highly turbulent and thus mixing rates a're

determined by the turbulent transport of mass and momentum rather than

molecular transport. Turbilenrt transport results from the time correlation of

the unsteady velocity and concentration fluctuations in the flow field. The

turbulence kinetic erergy produced by mixing can be a large frac.tion of the

stream total energy. In recent publications (References 1 and 2), Swithenbank

has calculated the turbulemce generated by coaxial injection of fuel in the

combustor. His analysis shows that large losses may be incurred ;y the

turbulence energy production due to mixing. He also shows that this loss

increases with flight speed, and that it ultimately becomes the primary factor

limiting the top speed of the supersonic combination ramjet. The validity of

Swithenbank' s results are open to criticism since his analysis is based mainly

on intuitive lormula rather than rigorous theoretical development. Both

z •experimental and analytical studies of gaseous mixing have beqn used for engine

J, design. The most extensive work has been directed at the coaxial jet.

Analyti.al models loying many eddy viscosity models have been devweloped. -2

SThe correct formulation of an eddy viscosity has been of prime importance

in many researches. The eddy viscosity models developed in this country are

generally minor modifications of the Prandtl velocity delect formula. These

formulas relate the eddy -iscosity to the mean flow velocity, however, rather

thn tht, t; tvirbuipnce veloclties. This appears ti. be a basic limitation to
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these formulations and the number of models developed attests to the lack of
• conffidence in their general applicability. This lack of conffidence Stems from

the fact that no fundamental theory exists to explain thesc models; however, an

attempt to formulate a uniform model has been proposed by Shetz (Reference 3).

Recently, a new approach has been proposed by Bradshaw and Ferriss

(Reference 4) which does away with ihe eddy viscosity concept and relates the

turbulent shear stress directly to the turbulent kinetic energy. This method

has been extended to coaxialI mixing at low subsonic Mach numbers by Lee and

Harsha (Reference 5). This method has the disadvattage that turbulent shear

stress can only be. zero when the turbulent kinetic enerigy is zero unless ad hoc

assumptions are used to avoid this difficulty. In addition this ri'od1e- appears to

reverse the roles of shear stress and energy in the dyian-ics of the generation

of turbulence.

Normal fuel injection has also been investigated extensively and mathematical

models for penetration have been developed (Reference 6); however, no
analytical solutionm of the mixing prohlem have been obtained due to the

mathematical complexity of the three dimensional flow field. An important
correlation of mixing rate for normal jets al. various initial conditions has been

obtained by Henvy (Reference 7). Development of practical mixing nystems

depends primarily on empirical results for both coaxial and normal injection.

These two modes of injection involve very dihferent mixing characteristics and

pressure losses. Figure 1 in the appendix shows the structure of turbulence

obtained by a spark Schlieren photograph. The highly turbulent region in the

center of the photograph is the turbulence generated by the shear flow of a

supersonic free jet. It is evident that any theoretical calculation of turbulent

flows shoald include a calculation of the turbulent energy field also; this will be

the main effort of this dissertation.

1.2 PURPOSE

The purpose of this dissertation is to investigate the influence of the initial

conditions in supersonic combustors on total pressure loss, the production of

turbulence and performance loss, and then to determine tbe basic relationship

between tu'bulent kinetic energy and turbulent transport rates.

2
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SECTION II

THEORETICAL RELATIONSHIPS FOR TURBULENCE
PRODUCTION AND PERFORMANCE LOSSES

2.1 DISCUSSION

The purpose ot this section is to rigorously formulate the mathematical

analysis in order to first., calculate the maximum turbulent kinetic energy

produced in a given mixing flow, and, second, to calculate the effect of this

turbulence on the performance of tho supersonic ramjet engine.

This analysis is formulated for both the c uxial and normal fuel injection

mode so that the importance of geometric boundary conditions can be assessed.

The calculations are also done for incompressible and compressible flow so that

the effectf of compressibility can be determined as well as the effects of the

dynamic iitdial conditions; Mach number, molecular weight, total temperature,

and toWal pressure. The total pressure Iosses will be studied to determine if

turbulence intensity can be varied independently of total pressure loss. The

theoretical results of this section are then used to determine the single element

injector design with the bighest turbulence intensity.

2.2 ANALYSIS OF INTERNAL FLOW

The production entropy can occur by reversible and irrmversible processes.

The irrevez Lible piocesses are caused by gradients of concentration and

velocity driving the molecular transport of mass, energy, and momentum. We

will assurme that this entropy production is the result of nixing and the

dissipation of turbulent energy. Thus we can calculate the total turbulence

intensity produced in a given flow by considering flows witheut entropy change.

The one-dimensional or integral eqwations of motion for turbulent flow can

Sbe easily de'eeloped by foliowing the procedure of defining the instantaneous field

variables to be the sum of the time mean .And fluctuating part and integrating the

equations of motion. This integration defines the apprqpriste a-.erac vtule it

any streamwlse location.
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Since thiF, integration is both a time and space integration, the equations are

mean covci c•tion equations and they inciude the Reynolds stresses.

x2. LL,., tLLL •LLLLLLLLzLt, I i

-02

I It 2
/// / . .I/ /I!1 I I 2

Star ion Station 3
1 2 W
2!Letch 1. Control Volume for Constant Area Mixing

The continuity equation is

fa dV+f PU-ndS : )

V t

The first term represents the accumulation in volume V bounded by surface S.

The second term is the net mass flux through the boundary surface. Time

averaging the above equation yields:

f -[fPdt ]dV +f[Afptdt1.ndS :o0 (2)
V T S T

Since we have specified a flow which is statistically steady in time,

" Pd) -0 (3)

by definition and this result can be generalized to any function# as well as p.

The mass flux term can be used to define a new integration variable

-1 t P-u dt) n a(4)

The sign. is determined by the product U- n where n is the outer normal to the

boundary surface S. The continuity equation then becomes

f d.= 0 (5)
S

For a mixing problem as shown in Sketch 1, the equation rtOuces to

; : I + if (6)

Note that continuity has not defined an average velocity.
4

- -
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The momentur, integral equation is

f± ! UdV +f (PU U- T tndS 0 (7)
V S 13

where T is the stress tensor defined such that = .* i is the force per unit area

acting externally on the boundary surface S and the sign is determined by the

coordinate system positive directionn thus the normal force in the boundary at
station I is positive and at station 2 is negati.ve. Normally ris written as the

SUM of a normal stress and shear stress s

Proceeding to time average the momentum ecraation, the, first term of hquation 7 15

vanishes if we define 4)

in Equation 3. From this point we will consider the X, (streamwlse) eoordtnae

only, notbig that according to Sketch I the outer normal n1 is negat-rc and ti i3

positive. Consider the momentum flux.

XT T X

Equation 10 can be written as the sum of two terms, the mean minmentum

flux and the negative of the nornial Reytolds stress

T Us T x,

Since by definition

T

SThe time average velocity U at a point has been defiuta by Itho momentum flux.

The fluid particle has only thr'ee degrees of freedom at a given point. However°.

Sby time averaging the equation of motion, there are also efIectivel, 3 internal

Sdegrees of freedom. These degrees of freedom, if excited, contribute to the

5
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mean flow momentum and energy. The mean density at a point is defined as

k folows:

p-

thus the average transverse velocity becomes

- pv ,f
V" -'V L V- Vdt

- T T

Averaging Equation 7 yields

Equation 13 can now be integrated using the boundary condition that z 0 on a M

solid boundary. There may also be area changes between station 1 and station 2

on which the normal stresses will produce either a thrust or drag (T-D).

The integrated shear stresses will be expressed by a friction coefficient

and an effective L/ The result is

(; Us+( +( TU-f)f Af

The velocity in this equation has been time averaged and then mass flux
averaged and thereby the mean total momentum flux has been defined, The•

pressure und normal Reynolds stress have been averaged over the cross

sectional area normal to the X coordinate.

Note that turbulence shows up in the momentum equation and contributes

to the stream thrust. Finally the energy equation in integral form must be.

time averaged

8A
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+ q *ndS

4 j dV (15)

Now by time averaging, terms 1 and 5 of Equation 15 will vanish and the viscous
work term 3 is negligible. The fourth term is the net heat flux which is
assumied to be due to conduction at the wall. The second term will need
expansion.

By definition of nieau and fluctuating quantities

anda

and (171

then the integrand of term 2 becomes

2
H i~v+(Pi3") t =)-:- +(i) UP +\l) U,

22
#2 a

+(6V*+PU) ~ iW +( U
22

22 :
Le~ 4 + V +W+(PU)vV'V+PUg'WV +(PU) , 2 18

time averaging the above expression gives

L7
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PiH 2

I2 U 7_

• • + P " ( U" v+V'"4

ra :l + (P'U)' W°

I- + ( (U v(+V )

The turbulence terms in the equation have the following significance:

1I. The work of the Reynolds stresses on the mean flow

11g. The convection of the turbulence kinetic energy

III. The diffusion of specific enthalpy

IV. Diffusion of the turbulence kinetic energy

The equation can be simplified by defining the turbulent stre ;s tensor to be the

sum of a hydrostatic part and a shear stress. The turbulence pressure is

defined to be (for incompressible flow)

PT : -(U +V' +W) (20)

Equation 19 can be simplified to read

PUH PUH (-21

+ qT -U rTS (1

where H and q are defined to be

PT U #2+ V'2 +lwig

H i+AL!L + U- +V2z p 2

and

("U42 +v 2  Wt
Sh(23)

8
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The time average of Equation 15 now reads

S dS

q - q d- dS (24)

This equation is now integrated over the cortrol volume to give the energy
equation

P
Y2A __+___ V2 W1

' - -U, PT, U"VZ+W'

2 hh 2 +

p 2
L.U1 '_IU PT U +V +W )

4 =Iha+ ,+ ' 4- 
-P.

+C~ U (Hw -PAW)4 -0A, (25)

From Equation 22 a turbulence entbalpy can be definedA

• It is also useful at this point to introduce the concept of a turbulence temperatutre
such that an equation of state exists for turhulevce

g Thus a useful expression for the turbulence enthalpy is

5M

hT:= RTT (2+8

Si These equations reipforci the idea that turbulence Is an extra internal

sdegree ot freedom for the fluid. For thi- degree of freedom the thermodynamic
properties correspond to those of a tuouatomi gas. Turbulence coneributes to
t he ermodynamics of the flow tht with a separate temperature from the gas.

A
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This analysis is completely general at th:fs point, To proceed several

as3umptions are needed. For incompressible flow the conservation of volume

flow rate is assumed. First let us calculate the turbulence produced by a baffle
k or flame holder in a constant area pipe. The details are given to present the

method of solution and explore this basic meciianism of producing turbulence.

II / , •"• •".,--_..-
S--- - - --- Turbulent

S~~rT'7.-fT Prll I/ III I ffillf I I'• I I//l If/ 11

SI 2

Sketch 2. Control Volume for Flow Over Flame Holder

The conservation equations are:

Incompressibility

U 2A 2  U, A. (29)

Momentum

mU 2 (+ P;2 +PT)Az r•At 1 + F, A -D (30)

Energy

where

H p + + hT -+ (32)

Assumi-ng that no dissipation of turbulent kinetic energy has occurred, the

internal energy is constant, Thus with Equation 29 the energy equation yields

h T i "P (33)

I 1
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The pressure drop can be found from the momentum equation. Following

Swithenbank (Reference 2) we let.

AS

and

D PU ax C0 A8  (35)

whor (36)

Than Equation 30 becomes upon substitution of Equaition 29, 34, 35, and 36
- C 2

PT2  1 2 ig2 0 g

Thus combining Equation 37 and 33 we find

Pu ut (38)

or we can write the turbulence Intensity as

We can also determine the mean static pressure arop

~~t CD 89i ) B
2, 3e 2 I-a (40)

These formulas Equations 39 and 40 are not the samie as Swithenbank (Reference

2) presents for this problem. Comparing specif1l; cases we find for B =0.25
g

and CD= 0.4 that Swithenbank! s formulas overestimate the turbulence kinetic

energy by nearly a factor of three. This analysis shows that turbulence is

produced by a velocity difference squared while it might be thought that

turbulence would be a- function of the differences of kinetic oneri~y.

2.3 COMPARISON OF NORMAL AND COAXIAL FUEL INJECTION

Next we will look at two mixing problems (Sketches 3 and 4)1.
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2f 1
-~~2 A.to••L•./ +A/ f .;-Zg

Sketch 3. Control Volume for Coaxial Mixing

Pf Uf

to, UI . ,
I -- "- - , " *

VI 2

Sketch 4. Control Volume for Normal Jet Mixing

These are two practical configurations for supersonic mixing as well as the

subsonic incompressible case. It is of interest to compare these two to

detern-Ane Yhe effects of geometry and jet velocity on the turbulence intensity

and total pressure.

2.3.a. Coaxial Injection

Assuming the fluids are Incompre:-sihle yields

U2 A2 2 U, A, +-f Af (41)

Assumiug no dissipation of turbulent (oergy

e Y T, -4- Yf f (42)
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where

Y - Yf (43)

and Sf rh f

C

the momentum equation for coaxial miL-dng is

+ ~a('1p+ PT )A2 : uhUj+ An ' 1 + (A, + A, (44)

The energy equatioa becomes

"H; 2 Yjje I1 Yf H'j (45)

where - -2

"H *+ - -U +-hT (46)
P 2

With a little algebra ihese equations can be solved to give

( -i + Uf ) (47

where f
Pf

L U - (48)

From continuity of mass flow rate, the mean density is

P.z = - - (49,

o f

Th~e pressure change across the mixing zoIe is

u I- I P,

P, -P2 11 3(-(

13
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2.3. b. Normal Injection

For the problem of Sketch,!, the area is constaiW. and there Is no fuel

iaomentuni In the streamwise direction. The solution is

U2'

where

aix1

:p, (53)

Equation 51 czn also be written in terms of the known inputs and solved for
turbulence irtmisity

_L) i+- +4_( J+ 2.L f# + (_) (-)2)A MA)
a . pf p 0G pf AtJ

For the no~rmal jet there is always a pressure drop.

Note that the last term in this equation is constanit for a given feel air ratio,

2.3.c. Total Pressure Losses

In the high speed case the losses or gains of total pressure From fuel

inje--tion will have an important effect on the total performance of an engine. i

It is, therefore, useful to examine the. total pressure losses fur the simpler

incompressible case.

The final period in which the energy decays wWl be investigated by R
similar analy-sis with the assumption that the final state wfill be free ar

turbulence.

14
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Sl / i •~~J l j j i I ' J . L •I _*. .. I 4 2 l L .

2 -- f-. ,,.. u'

2 U3

Sketch 5. Control Volume for Turbulence Decay

According to Sketch 5 which represents a constant area section in which the

turbulence decays with n- wall friction or heat transfer, the equations are:

Iucompressibility

U3 A Ui2 A (56)

Momentum

M U3 +P 3A :in U 2 + (P2+ P-)A (57)

Energy (including internal energy changes)

3 3 VP 2 -2 + hT (58)

Solving Equations 56 and 57 for the static pressure, we find a pressure recovery:

P3 : P2 + P (59)

From Equation 58 the dissipation is found to be

0, e + -L RTT f•;

2 2 T

Equation 59 shows that It iU the sum of the mean static pressure and the

turbulence pressure that should he considered the true hydrostatic normal stress

in k fluid.

For a real flow the processes are not discrete nor one-dimensional, and

prod•rction. convection, and dissipation of turbulent kinetic energy is a e'wtinuous

process. The above analyris is correct for staie 3, however, and !s useMl for

comparing the performanc6 of rted systems.

A
1AM
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Let us now compare the concurrent and normal fuel injectors relative to

their abilities to produce turbulence and their associated pressure losses for a

given tuel-to-air ratio as the jet velocity is varied while Lolding the inlet air

conditions fixed. Pressure, losses are taken to be the difference between the

inlet total pressure and the outlet static and dynamic pressure plus turbulence

pressure.

While these results are essentially only applicable to incompressible mixing,

they do also provide some insight to the problem of supersonic mixing since the
velocity ratio will be of the order of unity and thus density changes would be
small. It is interesting that the mixing generates turbulence in the same way as

a baffle by velocity difference squared. In this regard the normal jet is slightly

different in that the jet kinetic energy is not controlled this way and it is eusier

to transform jet energy into turbulence.

These results indicate the presence of influences due to geometry and

dynamic conditions. For the coaxial jet velocity, ratios between 0.5 and 2

produce relatively little turbulence. The normal jet produces larger turbulence

intensities with smaller variation. as velocity ratio changes; however, no thrust

is produced by normal injection. There is another feature of the normal injector

that merits note, the total pressure loss is constant for a given fuel-to-air ratio;

that is, it is independent of turbulence intensity. Thus the designer call conasol

mixing rate and losses for this type of injection. It further points out that

losses are determined ultimately by the boundary conditions and not by

"turbulence,.' The turbulence is the intermediate state which Is dependent on

the total dissipation necessary to arrive at the final equilibrium state from the

initial conditions. Turbulence should be considered the mechanism of tho

transition processes from an initial unnixed state to a final equilibriam state.

The analysis for these two cases will be extended to the case of supersonic

mixing by including compressibility effecLs. This extension is necessary since

"flow work' can indeed modify the results.

2.4 COMPRESSIBLE HOMOGENEOUS TURBULENCE

We will consider the ideal situatie in which no transformation of turbulent

kinetic energy into thermal energy has taken place; further let us assume an

16
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absence of molecular mixing or heat conduction which is consistent with the first

assurpttl.,i. Th•vse colditions represent the limiting case of an infinite Reynolds

numler. An order to evaluate the iriegral eqaations of motion, we will have to

specify thle spectrum and scale of turbulence. However, it appeain that ihisSscale is arbitrary as long as the turbulence is hom ogeneous and no gradients

exist. We will assume that a definite scale for the "eddies" exists and that the

turbulent velocity spectrum of these is single valued at U . Consider the

following sketch of a set of cubical cells of length 1! which represent the

turbulent eddy flux.

Sketch 6. Compressible Mixing Model

Some of these eddies are fuel eddies and some are air eddies. For the i-th

fuel cell, the density is

+

The velmcity can be written

U (U+Ui), + Ve +-WiW 3621

where by assumption

Similarly for air the deuity4 and velocity are

+ (64:
pal P0  Pa

Vj ( W+ U a +VOt + a (651

447

-• N ,"- -o.,,o



AFAPL-TR-71-18

Now the total number of cells which cross the area L per urdt time are

n = - (66)

where total number is the sum of air and fuel cells

n no -nf

From the known mixture ratio

nf
I= pfi •s f

SZ . (6 7 )
no aa

j:l G

which can be reducec. to

". t 0 (68)
no a F

The mass flux per unit area per unit tirtic is

.iU f dt (69)
T

or considering the air and fuel cells separately yields

' f (Pf+P HU U+ )dt + L f (T p (70)"T fi T - Ia'oiU-U 01 10
P=1 tj

Now we assume there is no correlation between P'and U' then

P U p U Xt +P~ -p -U (71)
f a

Substituting for t; yields

-- "flf' *Io•-.
PU Pf U + , (72)

UU

Now in order to eliminate nf and na. the following relations are used

f a n
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which can be reduced to

tk L P f
: 0 P(74)

U f U

and s.milarly for the air eddies

noL
- +(75)
U + Po

a P f

Upon substitution into Equation 72 the mass flux becomes

-- : (76)A fA
(-+ ro o

The stream thrust can be treated in a similar manner. The expression fi-r

stream thrust is

:( PU U)Y A 4-PA (77)

where

(P U . U) z fP -U -U d f (78)

Considering the flux of eddies, Equation 78 can be written
Cl f '-- r' -

(PU (Pf+Of )(U +U,)(U + Ui; )dt

izi fti

no
+2 f (ý+P.' )U+U' UUii) d?

T o (79

which becomes ____ - f

S~no n l~

+~ U P U f f Uil

+ P U tj P4i UJ *J80

19
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Now since U U 2 this equation reduces to

pun )- pf U: zf n U2 f nf
-U - +Pf U "

no2 1 - .2 no (81
+ PU -n" + P. U "-n- (81)

Now Equation 81 Lecomes by substitution of Equations 7,4 and 75

(PUU u + '%82)C+ J_ ( +, -,
Spf + P a•f

The stream thrust Equation (77) becomes

Fx: (P +PT) A + AU (83)

Again the turbulerp.e contributes to the stream thrust. Finally the energy flux

will be obtained by the same method.

The energy equation requires au average entlialpy flux

PU H : f U H dt (84)

wbere

+* U2 +,24. U+V+
H h h+.L U U - (85)

22

Substituting Equatiorn 85 into Equation 84 and separating the air eddies from the

fuel eddies yields

T~ f- -i 22i

jzi ti 2 i 2 i

T j.t tit oJ ' 2 d (86)

20
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This equation becomes5

++ +AU")) (87)

where suiamations of the following form are3 assumed zero:

Xh' t. - U' t. .t (88)
ii i i Pi t

Age-in substituting from Equations 74 and 715 yields

(PH)1 : + oa *(89)

fPt Pa

Finally the energy equation becomes

(P UH) 1 : (Hi 0+ Hf I(IDG

where

h+ (91)

Su.mm~arizing the equations for the compressible case, we arriv~e 5it

Continuity

A (IA +92

P02 Uý- a 2

Momentumn

(P+1 .A+t Z U2 1 (93)

21
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Energy N

f2f2 f RT- (94)

Nosidissipative flow

02 ) (95!
P1 Pa, Pf P

2.5 SOLUTION OF THE COMPRESSIBLE EQUATIONS OF MOTION FOR
COAXIAL AND NORMAL LNJUCTION

We will consider gaseous injection for the coaxial and normal fuel injector.

Then let as further assume the fuel is a diatonic gas. Thus

yo - yf = 1.4 (96)

We further assume that the fuel is injected at the same static pressure as the

air without creating shock waves

1-N

P1 P,(97)

Let us introduce the following nondirmensional variables

(98)

U- (99)

UP

P (100)
P1

A - tA (101)

- F
P, A

U' ( (103)

U

(104)

2J2
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Then the equations become for a unit mass flow of air

(+) U P- : (105)

( +0+-)('F -1 U ( n+- z Fr (106)

(1+ •/ 7 -7)
P +(6 ,-OU (I+S,1_ zo (,07)

II
If we introduce a new variable,

= P 1, 108)

We can reduce Equations 102, 103, and (104) to a single eqL'Ation in X

A5 504-A X 0 A- A X 5 4-A :0 (109)

12 t 5 0(109)

where

(1+•7 )F, -

AID 8

= f4 ( I- 1) 1+ A2 (113!

Aao : -- (111)

2

(e_ -I) (+/1 F
A5  : 5 ___ +) 2 (112)

Ao = -4 {9 -i)(1+ )} 2A 2• (I=3' A

2 (115)

A2  4c -of .0 1 of (116)'
a To,) PC )__f,

S list of symbols for definition of D1 , Dr.

23
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F2 F, +(Az-t) I+ f

:'; f =2 a-T j 0,, • i ,9
.. •v, attd PI+ ao

Mt Po, o
avid

P0 f To,1  f

are considered given.

Typical conditions for mixinr in a supersonic combustor would be
LO'°- L Z0.5

P0,
i0 f
o- :Q35
101

f

M, :4.0

These conditions apply to a hypothetical engine flying at M 8. 0 at an altitude

of 100,000 feet with a regeneratively cooled combustor.

These conditions result in a velocity ratio

2.24
Uo

Comparing this result i th that obtained for incompressible flow (see Figure 2),

we find a signiffcant effect of compressibility which reduces the smount of energy

transformed into turbulence. However, it appea rs that there is still a sufficient

supply of energy for turbulent mixing to predominate over molecular diffusion.

This reduction in the maximum energy of turbulence can be one reason to explain

the observed slower mixing rates in compressible flows.

24
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O~f f
The effect of the parameter,; M1, -P--, and - are shown in the Figure 3.

P01 a
The effects of M and - are minor. Thus we find tbat-- is the most

1 P01 aimportant dynamic parameter for the compressible case; however, it is

controlled by the temperature and molecular weight of the fuel entering the

combustor. Thus we find it is important to simulate correctly the fuel total

temperatures An combustor development work with boilerplate engine hardware

in order to obtain the correct mixing rates and heat release rates which may

interact with each other.

2.6 FROZEN FLOW

It is of fundamental interest to calculate the thrust loss in a supersoPlic nozzle

due to a frozen pattern of turbulence. We will assume that the gases mix on a

molecular scale so that thermal equilibrium prevails Hut let the turbulence

kinetic energy be frozern. Further we will assume that this molecular mL"ang

takes place in a constani area section; heat is added dowastream arn then

expanded in the nozzle. The prucess is depicted in the fn1lowing sketch.

S~Freez-e TT

I Mixing 2 Combustion 3 Nozzle 0

Sketch 7. Control Volume for Turbulent Combistion and Expansion

The energy equation can be written as

H = (120)
:hT+ -

25Or"
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Since for a perfect gas y 1.4, this equation can be reduced to

To. ] T l c I -? TT (121)

Let us define an effective total temperature

TOT: T0 - +7 TT t122)

or

(I +T Y- (123)

U the gas is brought to rest isentropically while the turbulent motion remains

the same, we have

~o ~ (I+ 2tL MIT (1241

To simplify the formulation of tbe problem, let us assume that the properties

of the com1.,t.,c,,ion products nt 16ation 3 do not differ f-,orn those of air. Then

c(:onservation of mass and momentum yield the following equations for Mach

nv,,mber at station 3

M (I+ ~M'-/2 (I + 1) (To

(~ ~ 3r (,L-0+y~ T3.L (125)

where

F2 TT
3TOT

and
T o 4_ AQ I -

0O3 C -.-- )(+P ~ 17

Now there is also no loss of generality in assuming that the expansion is

!sentropic when the turbulence is frozen. The equation for Me is

eI

26
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7+1, .Y22(r-÷I) -(1+ o )(T ) ,D..- (,÷ ,)
MI I +7 , M,2 =M% ),T2

'3Ri

Now since the stream thrust is

0TS

we can -write for specific impulse
TT

T T-T 2 0 M

a 3pm I +' 0  T -2--, M"Y/2

This analysis allows us to compare "equilibrium" performance and "frozen"

performance. Frozen expansion losses are depicted in Figure 4. When the

results are plotted in this manner, there is no difference between coaxial and

normal injection. A small effect was observed when heat was added; the

"results presented are for the limiting case of constant total temperature.

These losses sem 3mall enough for the large turbulence temperatures

involved. First, the turbulence pressure contributes to the stream thrust ani

contributes to the flow work in the nozzle; second, a large part of this energy

is unavailable in any case since it will generate entropy when dissipated. In

fact, the total pressure decreases when the turbulence is relaxed in the constant

area process. These performance losses are nearly one order of magnitule

srialler than presented in Reference 1. Thus this fundamental limitation to

performance of supersonic combustion ramjets is not as severely restrictive

as previously thought.

2.7 RELATIVE PERFORMANCE

Finally, let us compare the effects of 'ael injection mode on 'erformance

of the engine when the air and fuel initial conditions are identical e.cept ior

geometry. For the coaxial mode the fuel momentum contributes directly to the

engine thrust. The normal jet contributes no momerum and the air must

276
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trausfer momentum to the fuel stream; this behavior results in an overall Mach

number reduction and total pressure loss. However, thia heat iidditioza losses

will be reduced at Ehis higher pressure but lower Mach number condition.A
larger expansion ratio is also available from the combustor to nozzle exit since.

reaieeffects depend on the fuel total temperature, total pressure, and

Results presented in Figures 5 and 6 showv that very large mixing losses

occur for the nori-nl jet as compared to the coaxial jet. Ho-wever, total

pressure losses with heat addition are comparable and the loss of engine

performan~ce is small,

2.8 SUMIMARY OF DESIGN CONSIDERATIONS

This analysis comparing the characteristics of supersonic mixing has

yielded the following results wvhich are important design considerations.

1. Fuel injection mode is the biggest single factor affecting turbulence

intensitly, normal jets produce much more tu~riydent ersergy than coaxial jets.

Thus normal jets should have fastec mixing rates.

2. Normal jets produce nearly constant. turbulence intensity for a giveni

fuel-a'ar ratto independent of other insitial conditiomi while tho energy produced

by coaxial jets varies widely with jet velocity ratio. Thus noemai jets shout d

have more constant mixing lengths as fllght speed varies.

3. Frozen turbualence performance losses are not large but do increase

with flight speed. Thus large turbulonce intensities can be generated to

achieve rapid mixing at all but ex'~treme hypersonic speed.

4. Normal jets do not produce large performance losses compared with

co~axial mixing; however, a constant area burner will choke at a lower fligbt

speed whien normal injection is used. Thu;s coaxial jets may be very

advuintageous for low flight velocity.A

UIt l cuenhled that normal jet fuel injectlion that ma-ximizes turbukuce

intensity sholuld bt: developed in order to min~n~mize, avd stabilize mixing length.
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SECTION III

TURBULENT FIELD EQUATIONS FOR COAXIAL IMIXING

Tee i torgy~ c~oupling isetw letesec th isen lw n turbulence. iThensity

directly determine~s the mean velocity field through the Reynolds stres~ses,. In
the approach that follows a unique relation betweeti turbulence intensity
(turbulent kinetic energy) and "eddy" viscosity is assumed to exist.. Further a
unique relation between the intensity and scale of turbulence anid the dissipation

rate Is also assumed to exist.

In this regard the turbulence must be fully developed such that an equilibrium _
spectrum function exists or nearly exists. Thus these assumlt~ions and~
formulatton wh~ih follow are valid for this "equilibrium" tarbulont flow field.
Thus the question of intermittericy is raised. No direct account o! Intermittency

is taken in this, present formzl~l~ton since, where lntermitWncy is large, the
turbulent transport is small and the overall effect on the flow field is smnall.

Hear. transfer, diffusion, and momentum transport are all assumed to ba
similar. It is iurt~iier assumed that the edd~y viscosity, Prandtl number
relstioi!, etc., iouni in any turbuleit flow will be valid in all turbu~ent flows as
long tks the above restrictions are true. A

3.2 TURLBULE.NT STRESS TENSOR

The Reynolds strasses ar.- defined by the following expression

tT z PU) U t)

- I-
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which for cyl.ndrical coorlinates has the following components:

Frr - (PU),U (132)

"rz =- (pU)' W 'from dynomic" (133)

T r6 :(PVý'U' : rr "equilibrium" (034)

TO, :--Pv),wi la z (135)

Sre8 ý--Pv),V v(136)

Z :-(PW)'W, (137)

Let us intrcduce the eddy viscosity so that we can write the turbulent

stress6s as the sum of a norrail "hydrostatic" part and a rhear stress2

TT T 1 + JUT "fW (138)

where

p1T ; "4 139)

such that c is a kinemntic eddy viscosity.

The expression for turbulence pressure is

P. P - K (140)3

where

K ~ ~rr+ 88+Tg)/P(141)

Is tboe turbulent kinetic energy.

2
The deiormaticoA tensor defU Is frmed from thb V operator. defU VU + (VU)*

wber- is transpose of (VU).
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Then the components can be written as:

rr L 6r]

I'S

r P K
ZC (144)

T P" E (-[±--- (145)

Tre T r (146)

zz P a I (147)

- ,e Zw aU

It can be argued that the eddy viscosity should he. a function of both the mean

fl%,kw scale and the turbulence intensity. Obviously the eddy sizes are much

larger in ocean currents than in laboratory flows anti thus the cross velocity

products should be correlated for much longer periods ofL time, while, if theS

turbulence intensity vanishes, the cross correlations also vanish. It will be

necessary to det',:.-uilne this relationship experimentally.

3.3 DYNAMIC EQUATIONS FOR MEAN4 MOTION

The differential equations for the time raeala flow are well known. We

present them here without derivation in cylindrical coordinates for flow with

axial symmeiry in the usual bcundary la~yer A~pproximation.

Continuity

r 'r (P U)+ )-P 1 0 (148)

Diffusion

-• ,o -, (, ---- o

(r, U' Y+ )+ (;'W y; L (149)
r___ + _, ..d"r 62 L0• L(' 17

Itca e rge tatte dy isoit soldb( fntin fboh3h ma

fl~ scle ndtheturulnceintnsty.Obvousy he ddysies re2Ac
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where

(PU) Y1

7- (150)
P r

Radial Momentum

T- + (pJ)iJ'U P. (151)

Streamwise Momentum

_-_: a rO} a 1--1 +'T" ar 'a W ' m
* _fpeW+LW W)-- -(~ A )- (152)I Or jr' az r

where we have assumed

PT :(PU%'U' (PW)'W 153)

Total Enthalpy

r (r PUI4)+-(PW H) ~(

( 2: P h,,~,•; D.)L

T rr

r Tr U- h: 7,

(r (7d r(154)r d

where

lPU)'h' =Cp (PU)'T' + Z hi (PU) Y! (155)

With the definitions of the turbulent diffusion coefficients for heat and mass

transfer, vie obtain

(PU)' h' -PCp "- - (156)

32



AFAPL-TR-71-18

Also the total enthalpy Is defined as before as

H h + h+(157)

where

5hT = - K (158)

Finally we introduce the term

(PU)'K'
(159)

-Kr

Let us now define the effective transport coefficients

/A: , + rE160)

R k + k CP 161)

Do Di +cD (162)

In terms of these coefficients, the energy equation can be written as
S(r + - P H) T ke "

r r

4 O r3 rar Do r

K A
r- Or/'e Or

4 7 r PW 4k )a-

Further let us introduce the effective Schmidt, Lewis, and Prandtl numbers:

Sc :(I G45

Cp D 0

Le = ke (165)

S~Pr = (66ke

E4 33
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Then the energy equation can Ne, written as:

t r Lz OWhr r

O r )(L-rri Or

The~~~~~ tubln kiei enry hTeoe

-2
(r UK)+--(PVK)7 r O) Or T

0 ar 0-r

- dk

wehere

d d +- UI'-7`

The terms are explained as followvs:

d dissipation of turbulent kinetic enercry

U:V P' acoustic s~opling; this term is assumed to be a small loss unless
an interaction with a sound source is !;ntroduced-. Stich effects
have been observed and can be large.

An assumption has been made regarding the role of viscosity on the

generation of turbulence. We have assumed that this action on turbulence is

purely dissipative. Thus the viscous production term in the equation Is replaced

by the turbulence dissipation rate

UWV ) -d (168)

and in the total eutbalpy equation the tvrbt'Ient viacous wot k becomes

51) v. :0
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The arguments for this assumption are discussed bolow.

k Dissipation

The dissipation of turbulent kinetic energy In isotropic incompressible

turbuience has been shown io obey the !awv (Reference 8),

5 13U

where

LD = the dissipation scale which iz approximately equal to the integral scale
(or scale of large "eddies')

This law determined by dimensicnal reasoning and verified by experiment can be

explained by existence of an equilibrium turbulence vel(city distribution function,z

The dissipation occurs at the smallest scale while the ei.ergy of the smallest

scale is directly related through the distribution function to the large scale

eddies which contain most of the energo. This dynarnmc equilibrium determined

by the energy transfer process from one scale to another is essentially viscosity

independent since the energy flows from large scale to small scale and is finally

terminated by viscous dissipation into heat at the end of this process. Since

data are available for incompressible flow only, the dependence of dissipation

on tuzbulence intensity will be determined experimentally.

Static Enthalpy

The equation for st-ti. enthalpy is somewhat simpler to use for solutions by

numerical integration and can be written

oh " " + - - W - + de

d rz dzr

(r"L
r ar FT

2-,,•- i

a Y
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where

I!e d d + (--2)

The form of these equaticns makes them applicable to laminar as well as
turbulent flows when K-O. Since the boundary layer equations are parabolic,

we must specify the pressure gradient in order to obtain a solution.

3.4 TRANSFOYIMATION OF EQUATIONS

The equations will be solved in the Von Mises pl* ne by using the

transformation

Z z

"'z :-PWr (173)

-Put (174)

The equations of conservation then become

Menmentum

1- )P-+ ( (175)

Mean flow energy

am -B arz Pr a

Turbulence energy

dk 6~-%Zf
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Diffusion

." -- - )(178)

where

PW r0 ( 179)

3.5 NUMERICAL TREATMENT OF DIFFERENTIAL EQUATVONS

~M+• • •---- r n n -

•" • - -_ _- m l

Vietch 8. Definition of Differences

This finite difference ,ormulation for the solution of the turbulent equations of

motion is a minor mo-ification of the work of Edolman and Fortune (Reference 9).

The definition of the f.nite dilbfrence an.mlogues, for any variable 95 of the

differential operators in the equations of. motion are defined according to Sketch 8,

as follows. "'he difff,,reace between this formulation and that of Edelman is the

inclusion of u,,: v.'riaion of the eddy viscosity across the mixing layer in

Equation 182. The Vrst derivative in the Z direction is

"( 80i

-7
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The first derivative in the ' direction is

rn ZA(181)a - ., -)lZ-,+'C,

The second derivative in the ji direction is

a oad.. °,,m
c3-" (aT~mt-* A.12 (#nml-I2#nsm -+- n~m~I)

4•e{nm+i-*nrml(n , m~~i.I - an )_ (182)

In difference form the Equations 175 and 17b become

Momentum

On m
Wn+l,m Wnm + A"kZ(Wn,m+1 2 Wn, m 4Wn,m-i)AZ

AZA

+ LIZ Z(n,m+1-On~m-1}[Wntm4.I -*n,m-z

Az aPe
(P n -Z '-j (183W

Turbulent kinetic energy

_Kdk AzKn-rl,m Kn,m A
P In, M

AZ rnm
4+a*,' n,m+ -nm-II

+ r--P-K-- , ,- 2K ,K
44'A ,z L~L/t /-n,n'*FX m+l en,m-l n,m - n,m-I"

( K% (W.+, -Wn,) (184)
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• • ~Diffusion •[ ~AZm+
yi +Ynl,m nm +A cnz -?Yin,m +

+4 *AZ4r o -YinmH -Yin,m-1) (185)

The static enthalpy equetion written in terms of static temperature becomes

T T +{ aP" AZ dk
Tn+I, nm (-az n4-I Pn,m p" )nmAZ

4f (""k-r)n }(Tn,m+- Pr Tn,m-Tnm.-.)

Az_

, I,,A*, ( .m( n,Mo. i-,,_)(T.,.,--orn .m-1 )]}/

Op PT(Cn m (186)

where

I , ,dP 0 .IPT. 2 d

Tn3. nnmm dZ dZ1 , m+
3, td of )n1in• (187)

3.6 EQUATIONS OF MOTION ON THE, AXIS

These equations have a singular point on the axis as r -S0 or 4-0O and

their limiting form must be investigated. This limiting form is also useful for

evaluating experimental data to deduce or determine inversely the turbulent

transport coefficients.

Streamwise momentum

-W -W atw aP, (188)

I39



AFAPL-TR-71-18

Static enthalpy

pW OTw - z do +,W --

+ 2-'- C0

-F

Turbulence
d + 2

PW It k(190)dz d)r2

Diffusion

The equations in the Von Mises Plari are:

az :2/L. aV0  Z

= ad prw K

+ h ~ 2)

k__ ! +k 2(193)
TT- 2 P

SYi 2 pe (194)

Finally the difference equations ar..

Momentam

411,AZ AZ z rP
Wn + Wn,- I +- Wn , • n -.
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Energy
-I •~~~~z Ov +(__. •

h • 1 + -- ;-- (-3)n +( . AZ

AZ ____L

Turbulence kineti. energy

-• dk
KK (197fl+t,i AZ(97

Diffusion

AZ4pe

a ',,i V s•• sc (Ya°2  - , )I&*S

3.7 THE TNVERSE TRANSFORUMATIOb

The physical coordinates (r, z) can be found by the equations:

f P-j Or(200)
0 jPW

Equation 200 expressed In difference form can be written

r fn~im [mCn+g,+-,A'k' ( 'm(201)+. (p~ln÷Pm (PWn, ,

3.8 SUMMARY OF THEORETICAL CONSIDERATIONS

In Section 11 it was shown that turbulence has an equation of state

pT R TT (Z02)

and that associated with this turbulent state were the state functions o turbulent

energy arid turbulent enthalpy. In the present section, it A-s assumed that the

transport properties of the turbulent flow are uiso functions of the turbulent dtate.

Thus, it is assumed that an eddy viscosity exists; that iz, tiat eddy viscosity is
functionally relatcA to the eqiaation of siatc. This assumption implies that an
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equilibrium turbulent velocity spectrum exists such that shear produces only a

minor departure from this equilibrium structmre.

The disiipation into thermal energy &-r turbulent shear flow must also be

related tM the turbulent state under these assumptions. "ILhus, the experimentai
determinatioa of the relations between eddy viscosity and turL,,deat eiiergy and
between energ" dissipation and turbulent energy are required to verify the

present theoretical model.

42
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SECTIION IV

DESCRIPTION OF' EXPERiMENTS

4.1~ SUPERSONIC FREE JET

The objective of these experiments was to obtain basic data or, mixing rates,
dissipation, and turbalence intensity in a compressible flow. The jet Mach

number and total teinperaiure were varied independently by use of interchangeable
nozzles fitted to a hydrogen fueled burner. The total temperature was restricted
to 1500OR in order that the combustion products would not deviate appreciably
from calorically perfect air.

4. l. a. Nozzles

The nozzle internal contours were computed by the method of characteristics

for a 1. l4c, The nominal design Mach rumbers of 1. 0, 1,.5, 2. 0, and 2. 5
were chosen based on limitations of the available air supply. The nozzle axit
diameters wer-, all equal to 0. 1 foot. Exit Mach number profiles are shown in

Figure 7a through 7d. Typical total temperature profiles at the nozzle exit are
shown !a Figure Ba thre'igh Bd.

4.1. b. Instrumentation

The free Jet combustor was instrumented for pressure and temperature.
The jet was probed for impact pressure, static pressure, and total temperature.
Consolidated Electrodynamics Corporation pressure transducers with bridge A

balancing networks were used to measure pressure for temperature measure-A

ments. Iron constantan thormocouples were used with Brown Instrument
vee..cal scale potentiometers and a room-temperature ref.zrence junction.

Probe position was determined by calibrated voltage drops from battery-powered
variable resistors mounted on the probe positioning cart, All data were
recorded on magnetic tape with a digital data acquisition systemn SHL-200 scanning

at a rate of 200 channel s/ second. Schlieren photographs were taken with a
spark light source of 0. 2--nicrosecond time constant~. Total pressure and

temperature surveys of the jct were obtained with a combination probe showna



AFAPL-TR-71-10

in Figure 9a. This probe was not explicitly compensated for radiation or

conduction losses. Various size thermocouple wires were tested until

temperature readings at identicai conditions did not change. A 5-mrl thermo-

couple v•ire was found to give good results. Radiation compensation was

provided for by surrounding the thermocouple with a low conductivity material

(LAVA) which minimized the radiationlosses from the thermocouple. Probe

bleed was mvidmized to prcvide as rapid a response to changing conditions while

not degrading the total pressure measurement. A simple impact probe was used

to verifýy the pressure measurement. Temperature measurements were also

,as0de with a conical recovery temperature probe, developed at the Naval Ordnance

Laboratory, Wkhite Oak, M.aryland (Figure 9b). These measurements were in

agreemeut witb those made with the combination probe (Figure 10).

Static pressure surveys were made with the probe shown in Figure 9c.

Three static taps were positioned 1200 apart at the same axial location. It was

hoped this spacing would allow the true static pressure to be measured

uninfluenced by the cross flows tnduced by the turbulent velocity fluctuations.

4. 1. c. Procedare

Jet operating conditions were established and allowed to stabilize as near

the design operat.ig conditions for the nozzle as possible. Then radial impact

pressure and tctal temperature surveys were made at three axial positions

followed by a centerline survey of impact pressure and total pressure. Next,

the static pressure probe was positioned on the jet centerline and a centerline

survey of static pressure was recor-ded. Since the data system was of the

analog to digital converter design which takes essentially instantaneous readings,

10 scans were taken at each position so that most of the noise could be averaged

out of the pressure measurements.

4. 1.d. Accuracy of the Measurements

Pressure transducers used to measure total pressure were rated at 1/2%

of full scale accuracy and were changed, to give the largest possible voltage

re-ading, for each Mach number nozzle. Thus good accuracy was obtained near

the eavly part !f the jet decay but it decreased as the decay increased. The
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static pressure transducer had a 0-25 PSIA rango and the accuracy should 11wve

Leen constant in the whole flow field. No attempt was made to determine any

probe effects on the accuracy of the static pressure probe other than to iuroduae

small amounts of deflection in the proble and compare results from different

experiments. No trends were observed that could not be attributed to run

variation in jet conditions. Another source of error was that of bridge

unbalance which had various causes. This error had the effect of shifting the

calibration a constant amount over the entire range. This effect was corrected

by taking a reading with no flow and comparing it with the I atmosphere

calibration values for each transducer.

As an overall system Aheck, mass flows were computed from measured

chambers conditions and were compared with integraded radial profile surveys

taken at the nozzle exit. The results are showr. in Figare 11. rha agreement

is good; the maximum deviation being about 15%. Shown in Figure 12 is the

comparison of integrated with calculated exit stream momentum; the agreement

is again quite good with the maximum deviation being about 6%. Integrated

excess enthalpy and stream thrust from various experiments at downstream

stati-ns are shown in Figures 13 and 14. These integrais are theoretically

constants of motion; however, some n-ticeable deviations from constancy are

seen. The large deviations are believed to be caused by the reduced accuracy

of the probe position measurement at large distances from the ceuter" where

the signals are low but make significant contributions to the integrated values.

4.2 COAXIAL SUPERSONIC MI.XING

The objective of these experiments was to determine the structure of the

mixing field. A hot film anemometer was used to determine the extent of the

turbulence field. Helium was injected coaxially from a Mach 4 conical nozzle

t2 into a Mach 3 air stream. The gas injection nozzle was attached to i Wl1f-inch

diameter steel tubing which extended through the iacility nozzle into tbe test

* tsection. The long length of the steel tubing gave rise to a thick turbulent

boundary layer on the outside of the tubing. Since it was impossible to remove

the boundary layer, Its effect on mixIng was not determined oxperimentally.

The wind tunnel had a free jet test section and z Mach 3 nozzle of rectangular

_j cross section, 4 In. x 7 in. The usable test section lepgth was about 12 In.

45



AFAPL-TR-71-18

Mixing of the gas of th.s jet wIth the surrounding air was found to be extremely

slow. The jet was operated so that the jet exit pressure was equal to the air

static pressure.

4. 2. a, Instrumentation

Instrumentation for this experiment consisted of pressure transducers and

thermocouples to measure upstream reservoir pre.sue and temperature of both

air and helium. Impact pressure, staLic pressure. and output of a conical hot

filnm anemometer probe were also meaeured. The hot film probe was used to

make RMS measurements of the turbulent fluctuations. The anemometer used

was a Thermo Systems In-. Model 1050. This system had approximately a

200, 000-Hertz frequency response which depended upon the operating temperature

of the sensor. The RI1S voltage was measured by a Hewlett Packard true RMS

voltmeter. Autocorrelations of the fluctuating hot wire signal were made with a

Honeywell Correlator Model 9410. Probe positior .lg was accomplished by a

precision X-Y talie controlled by a SloSyn digital stepping motor and indexer.

All data except the autocorrelations verer recorded on a Hewlett Packard Model

2412B Data System.

•1. 2. 1. Procedure

lnpact pressure, concentration, and static pressure were measured on the

jet centerline. The jet decay was found to extend beyond the usefui test section

of the free jet wind tunnel. At au axial location of 10 jet diameters, radial

profiles of impact pressure and concentration were measured. Turbulence

RMS measitremerts and autocorrelations were obtained at the same locations in

the radial dircction with the conical hot film sensor. It was noticed that there

was a coupling between the test cabin noise and the signal from hot film

anemometer. Whenever the test cabin produced howling or screeching tonei,

the hot film output increased by a large amount. To overcome this difficulty a

constant arm. nozzle extension was fabricated to provide a shield f,•r the mixing

region against noise emitted by the test cabin. AIter this mvification the radial

data at -z- - 10 were determined once more.
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4.2.c. Accuracy

The data signals were recorded at a low level without a signal conditioning.

No amplifiers or bridge balances were used to keep errors introduced by these

devices out of the measurements. Pressure transducers were rated at 0. 10%

full scale combined nonlinearity and hysteresis. The gas analyzer was found

to be within 1% accurate as determined by repeated calibrations. The accuracy

of the Hewlett Packard true RMS voltmeter was found to be within 1.2% by

calibration with a precision signal generator. Accuracy of the hot film

anemomete-' to indicate the random turbulent signals ir. conjunction with the

Honeywell correlator could not be determined. However, steady state

calibrations were reproducible within e few percent. Probe po.4itioning was

calibrated and found to be accurate to within . 001 inch in 6 inches.

4.3 NORMAL JET PENETILRTION AND MIXING

The objective of this experiment was to examine the performance of an

injector -.ssigned to maximize turbulence. The injector was a Mach 4 contoured

nozzle of the same exit area as the coaxial injector. This Mach number was

chosen to maximize Jet velocity at reasonable jet total pressure. The exit was

rectangular with a ratio of width to height of 10, with the narrow edge facing the

stream. This injector was tested in a Mach 2.5 and 3.0 air stream to determine

the Ma'.h number effects on penetration. Concentration measurements were

taken in the Mach 3.0 stream only.

4,3.a Procedure

Initial penetration experiments were made with the injector mounted on a

flat plate. Penetration was determined from Schlieren pictures at Mach 3.0 and

4.5. Then the injector was mounted on the same nozzle extension that was used

in the coaxial test. The flow field at Deff - 10 was mapped using impactDeft
probes and gas analyzer. Downstream variaticu of the peak helium concentration

was then determined.
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Sketch 9. Schlieren Photograph of a Normal Sonic Jet
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SECTION V

EXPERIMENTAL RESULTS

5.1 SIRUCTURE OF FREE JET

5.1.a. Velocity Profiles

The Rayleigh Pitot formula was used to determine the local Mach number

from measured pitot pressure and the barometric pressure. From the

measured total temperature, the static temperature and speed of sound were

determined and then the velocity calutlated from the product of Mach number

times speed of souid. For subsonic flow the Mach number was determined

from the isentropic total pressure relation.

The absolute centerline velocity profile for Mach numbers 0.8, 1. 4, 2.0,

and 2.5 are shown in Figure 15. The similarity of the radial profiles is shown

in Figurte 16. Thesie data show no effect of tots! temperature or Mach number.

Also plotted is the exponential or Gaussian profile which seems to fit the data

very well. Measured velocity half widths are shown in Figure 17 for flows with

constant total enthalpy. Half widths for flows with excess total etathalpy are

shown in Figure 18.

In summary we can state that Mach number and total temperature influe,'ced

the mixing rate on the basis of the centerline velocity graph and the half widths;

however, the similarity profile s-eems to be unaffected.

5.1. b. Total Temperature

The decay of the total temperature Is shown in Figure 19. Examination of

this figure shows that the total temperature profiles do not exhibit a potential

care of constant total temperature near the jet nozzte. The decay is continuous

from the combustion chamber and shows that turbulence is not relaxed in the

supersonic nozzle. The decay rate then increases as the shear generated

turbulence reaches the centerline. The simdarity p'rofile of excess total

enthalpy is shown in Figure 20. These profiles taken downstream in the

similarity region can also be fitted by a Gaussian profile but with different
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temperature half radius. The enthalpy half radius used to generate the

similarity profile is shown in Figure 21. These figures reveal the strong

effect of Mach number as increasing Mach number reduced the mixing rate.

Eq. Le. Static Pressure Defect

The most striking observation of these experiments was the existence of a

static pressure defect of considerable magnitude for each experimeot (Figure 22).

Again, we can see the strong effects ef Mach number. While no absolute

accuracy can be given for these data since no method was available to perform

a check on this probe, internal consistency from one experiment to the next is

evident. These data were reduced to turbulence normal stress through

Equation 151, Section HII. Assuming isotropy on the axis, these data were

converted to turbulence -kinetic energy K. These data are shown in Figure 23.

The turbulence energy appears to be expressible as a function of the jet velocity

rather than the Mach number.

5. 1.d. Eddy Viscosity and Prandtl Number

The dynamic viscosity for the compressible jet was deterndined from the

velocity decay, similarity radial profile, and velocity half width through the

formula

-T= '(203)

which can be de.-ived from Equation 188 for Gaussian profiles. Data were

obtained on the centerline from Mach numbers 0.2 to 1.7 for both the heated and

unheated jets. Incompressible freejet data were obtained from Arseyeva

(Refference 10) and treated the same way. These results are shown in Figure 24

and are seen to correlate very well with the radial turbulence pressure. Shown

in the figure is a line drawn through the data having the slope 1/2. The apparent

trend of the data deviate3 from this line for the higher intensity. This trend is

attributed to compressibility effects beginning with the data points correspoading

to M 0.3 and above.
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According t. Figure 24 the incompressible eddy viscosity is well rep:eseated

by the Prandtl formula

Uo 1 "1mix (204)

where i is some fraction of the local velocity half radius and that themix
compressible viscosity is lower by an amount which is Mach number dependent.

Prandtl numbers were calculated by the formula

-- d ( - O -T)

P- (205)

which was derived from Equation 189 for Gaussian profiles. Large scatter was

found in all the experiments with heated jets, probably as a result of the lack of

conservation of excess enthalpy as noted in Figure 14. The data from the

constant total enthalpy runs were consistent and Prandtl numbers ranged from 0. 73

to 0. 80.

5. 1. e. Dissipation

Dissipation of turbulent kinetic energy was determined from the formula

dk ;-PW(- (206)

which results from Eqt'.ation 190 for negligible diffusion on the centerline.

These data are shown in Figure 25, which reveals decay law is of the form of

Equation 170. The dlasipation length scale is very nearly equal to the velocity

half radius. This scale is comparable with the results of isotropic incom-

pressible turbulence for which the dissipation scale iB of the order of the

integral lateral scale of turbulence. Considerably more scatter was obtained

from these data although most experiments did exhibit individually the 3/2 power

di.pendence, the open squares ar., Zrom experiment 5 and show this dependence

quite well. No Mach number dependency was obse.ved in these data although

the large scatter of the data makes this result inconclusive.
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5.2 COAXIAL MIXING

5.2.a Pitot Pressures and Static Pressure

Pitot pressure and static pressure radial profiles for one half the mixing

region are shown in Figure 26 at a downstream distance Z/Dj = 10. The pitot

pressure shows a maximum at r/D. = 0.2 and then goes into a trough out to

r!D. 1.6. This trough is a result of the initial boundary layer which still

remains. The static pressure profile shows the existence of an expansion wave
in the jet core which results from the shook expansion system of the conicf-l

nozzle used as the fuel injector. The initial boundary layer is nearly 1. 1 times

the jet exit diameter which is sufficient to drastically alter the effective boundary

conditions for this problem.

5.2. b. Concentration

The concergration profile shown in Figure 27 is the average of both sides

of the mixing profile. This profile shows that the jet spreading has moved less

than ono half jet diameter radially at a downstream distance of 10 jet diameters.

5.2.c. Velocity Profile

The pitot pressure, static pressure, and concentration profiles were

reduced to Mach number, Figure 28. The velocity was calculated from the

Mach number profiles by assuming that a constant total enthalpy profile existed,

Figure- 29. The velocity profile shows the same extent of spreading as the

concentration profile. This figure, however, shows that a large part of the

velocity defect has been removed in the boundary layer.

5.2.d. Turbulence

The Eulerian integral time scale was calculated from the autocorrelations.

The time scale givea by the integral to infinite time delay

TE f R.dr (207)

0
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was modified by terminating ir-egration when the correlation coefficient has

fallen to 0.05. These time scales exhibit a strong variation across the mixing

zone and then seem to level off (Figure 31).

5.2. e. Scale of Turbulence

It is of fundamental importance in the present theory to determine the

variation of the scale of turbulence across the mixing zone. By using the
"Taylor Hypothesis" that turbulence is locked into the flow locally; we can

derive a longitudinal scale of turbulence from the formula

TE (208)

The results are shown in Figure 32. First, we see that the scale is of the

same order of magnitude as the jet diameter. Secondly, V e find that the scale

is constant in the mixing layer and that a separate scale ex .sts in the boundary

layer. Thus, this flow contains two turbulent shear layers, a new shear layer

due to mixing and an old sheer layer from the injector botndary layer.

5.3 NORMAL INJECTION

5.3.a. Optical Measurement Penetrat=on

Schlieran photographs of normal jet penetration into the air stream with

varying Jet total pressure are shown in Fig,.rz.c 33 and 34 for free stream Mach

numbers of 2.5 and 3.0. As can be seen by comparing these photographs with

the normal sonic jet, Figure 9, the complex barrel shock pattern does not

exist. Thus, we expect that more dissipation has occurred by turbulence than

in the normal sonic jet. Penetration was taken to the edge of the light zone

running nearly horizontal in the pictures. This definition corresponds to the

zero concentration point as determined by gas samples in the next section.

Penetration was compared to the empirical correlation formula of Povinelli and

Povinelli (Reference 11), The results are shown in Figure 35. T1he results

for the h)gh shear injector are correlated very well by the equation

YO g0.5M 04 0. 2x
2, .4 o 0. 5) (209)D• ef?• X go0aDe
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which is Equation 6 from Reference 6 with the slope increased by 25%. This

equation was obtained by Povinelli using a regression analysis of experimental

data using the dimensionless groups determined by Vranos and Nolan (Reference

12). Since the structure of this jet is different, it is somewhat surprising that

thic functional grouping works so well.

5.3. b. Concentration Measurem.ent

The concentration profile normal co the wall is shown in Figure 36, 10 jet

diameters downstream. This jet has the same mass flow rate as that in the

coaxial test. A very large increase in mixing rate is observed. This profile

also verities the definition of penetration for the optical data. A correlation

of downstream decay of normal sonic jets was obtained by Henry and presented

in Reference 7. Mass fractions were correlated with downstream distance

divided by the core length. Core length is defined to be the last downstream

station for which the peak concentration is 100%. From the Schlieren photographs

of the jet structure and the extrapolation of concentration data back to the 100%

point, it is concluded that the core length for this jet is equal to the half width of

the nozzle at the exit with distance measured from the jet centerline,

Width -f Je*- Nozzle
Xo 2 (210)

Downstream decay of peak mass fraction was then plotted in Figure 37 for a

comparison with the mi:dng rate of the sonic normal injector. The experimental

data are represeted by the formula

X0

where the sonic jets were correlated in Reference 5 as

• !.:L) ((212)
X0

These exponents show a much faster mixing rate, in fact larger, by the square.

It also appears that the mixing length is determined solely by the size of the

injector and not by the dynamics; however, more data should be obtained to

verify this conclusion. This result would be of great xalue in engine design.
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5.4 SUMMARY OF IMPORTANT EXPERIMEN•TAL RESULTS

This experimental work has several important results that apply directly to

both theoretical and practical design conclusions.

a. Large defects In man static pressure are found in compressible

turbulent shear flows. Thds defect is interpreted to be a direct measurement of

the turbulence pressure.

b. The experimental laws relctlang eddy viscosity and dissipation of

turbulent energy to the local turoulence energy and an appropriatt scale cat be

applied directly to the formulation of an improved theoretical model of turbulent

shear flow.

c. The scale of turbulence appears to be constant across the shear layer

even though eddy visc-sity, dissipation, and turbulent energy vary across the

shear layer.

d. Turbulent energy can be frozen in a supersonic nozzle and thus cause

performance losses.

e. The norryal fuel injector design tested can apparently give short constant

mixing lengths over a wide range of initial air velocities, thus simplifying

combustor design.

r3
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SECTION V1

NUMERICAL RESULTS FOR FREE JETS

6.1 DESCRIPTION OF TURBULENCE PROGRAM EMPIRICAL INPUT

The equations for axisymmetric mixing we,'e coded for -:olution on an IBM

7094 computer. The purpose of this calculation was to show that a coupled set

of equations could adequately describe the turbulent shear flows,. Many

empirical Inputs are needea since the detailed turbulent -structure is unknown.

The following itcompressible eddy viscosity formula was used:

L6.5 K) (2K3)

where

WmoX Wmin (/l (214)
LD (14

and

3 PT
K (215)

A constant mixing length seems appropriate in view of the results for the

coaxial supersonic mixing length scales (Figure 32).

The dynamic viscosity was then calculated from the equation

-' ~Tt.P%(216)

The effects of heat transfer and diffusion on turbulent viscosity have been

formulated by Corrsin ip Reference 13 ':ut were not applied in this study. The

large Mach number effect was nccov:,sed for by the follow~ni, formulas:

z t-M t0< M< 0.51 (2:.i
40<
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and

-2
4f ( +O0.25M)- (0.5 < M<0 (2O)

The first formula is derived from the definition of the Reynolds stress and the

assumption that the covatriant4 den.sity velocity fluctuations are Isentropic whici,

should be valid for low Mach number's (Figure 38). The second formula wvas

obtained by fitting the solution to th~e data of Eggers (Reference 14), aa shown

in Figutre 39. The dissipation functioai was calculated byv the formula

(T -- K)
d k 2 (219)

Thus there must be a relation between the viscosity scale and the large scale

eddies, namely
L0

21mix (220)

This r'alue seems to be physically plausible. No compressibility or transport

effects were incorporated into the calculation of dissipation.

The measured value of Prandltl number P r O 0 75 was used for the
ca'culations andi the effective Lewis ntzrber waS set equal to unity for intuitive S

reasons, and then the Schmidt number became 0. 75 because of the relationship

between Schrmidt number and Prandtl and Lewis numbers. The diffusion of

turbulent kinetic energy is aualogous to turbulent beat and mass transfer. A

Lewis number for turbulence deftned below was set equal to 1. 2i in the fircal

calculations. (2)

5 4FT

6.2 SOLUTIONS FOR INCOMPRESSIBLE FLOW

The data o! Laurence (ReferencG 15) were used as a comparison for the

low speed calculation. The lower curve in Figure 39 shows the comparison of

centerline velocity decay. The agreement is excellent. This model has

correctly calculated the core length as well as the centerline decay in the
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transition and self-preserving regions. Figure 40 shows a comparison of

measured and calculated turbulence intensity in the initial shear layer near the

end of the potential core at D_ = 3.8. The agreement is good but two

discrepancies are noted. First, the peak intensity is too low. This may be

due to the nontsotropy of the shear flow, which is not accounted for by this

theory. The second discrepancy is the large difference in centerline turbulence

level between the calculated and neasured values. The reason for this

discrepaticy is not known. Perhaps it is due to the assumption regarding the

purely dissipative role of viscosity which may not be valid at the edges of the

turbulent region. Some remarks in this regard may be found in Hinze

(Reference 16). It is interesting that the turbulence intensity Is larger at the

otside edge of the shear layer than the mean velocity itself.

6.3 SOLUTIONS FOR COMPRESSIBLE FLOWS WITH CONSTANT
TOTAL TEMPERATURE

Co-mparison of the theoretical calculations with the free jet data for Mach

numbers of 0.8, 1.4, 2.0, 2.5 is shown in Figure 41. The agreement is

generally good except for the Mach 2.5 case fnr which the decay rate is over-

predicted In the transition region even though the potential core length is

predicted closely. The reason for this deviation is not known. It is postulated,

however. that this deisation may be due to the fact that the turbulence terms

were not accounted for in the data reduction by Rayleigh's pitot formula. An
examination of the Mach 2.0 results also shows a similar dev,,ation but smaller
when the turbulence pressure is significant,

6.4 FLOW WITH EXCESS TOTAL ENTHALPY

The low speed jets, M = 0.8 and M = 1.4, have heat transfer in the same

direction as momentum transfer while the heat transfer in the high speed constant

total enthalpy cases was opposite to the mcmentum transfer. Thus these cases

should present a difficult test for the theoretical calculation. The results for

two cases are shown in Figures 42 and 43. Good agreement was obtained. For

these calculations the measured initial profiles were used as input. The

cal-ulation was performed with 14 input points on the profile and the calculation

took less than two minutes, a run time characteristic of all these problems.

The calculations at M 2. 0 and M 2.5 did not agree as well with the data
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(Figures 44 and 45). The data exhibit double structure with a centerline decay

that exi3ted through the nozzle itself. These data show that turbulence is not

relaxed in the nozzle so that indeed frozen turbulence losses can be expected in

supersonic propulsion nozzles. The present formulation of the mixing program

is for only one shear layer, although in principle the flow can be divided into

different regions with different scales. Despite these shortcomings it is felt

that the present formulation of the turbulence program is more useful and

consistent than previous turb.ldent calculations based on a velocity defect law for

eddy viscosity. These calculations are also useful for the problem of calculating

the noise generated by jets since turbulence intensity is a necessary input to

Lighthill's theory of noise from submerged jets (Reference 17). TLe final

Figure, 46, shows a comparison of computed and measured relative turbulence

intensities on the centerline for two differeut Mach numbers. The agreement

is quite good although the theory is a little low consistent with the low results

obtained at the centerline in Figure 39 for the low speed jet of Laurence.
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SECTION VII

CONCLUSIONS

The results of the theoretical and experimental study of supersonic mixing

have led to the following cnelusions.

1. Thrust losses cue to freezing the turbulence kinetic energy of the

co.nbustor can be appreciob'le; however, these losses are not as large as

originally presented by Swithenbank in Reference 2 and do not constitute a

fundament- -".rforinance Iimitation to the supersonic combustion ramjet as

previous!y thought.

2. Mixing rate ane penetration of normal jets can be increased by

designing injectors to make more energy available for turbulent. dissipation as

was done in *bese experiments by eliminating the strong internml shock s. ucture

and maximizing the ,,:t veloc.•y. It is concluded that normal fuel injection offers

the designer advantages of the shortest and most constant mixing lengths for a

very small loss of potential engine performance.

3. The theoreticai model of turbulence based on the turbulent state concept

should provide improved calculations, under widely different initial conditions,

over the previous theoretical models.
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A PPENDIX A

TABLE OF EXPERIMF, NTAL CONDITIONS
FREE JET EXPERIMENTS

E-,eriment No. M P T Comments
0 0

1 2.0 115 531 Calibration

2 2.0 120 960 Calibration

3 2.0 113 558 Bad Pressure Data

4 2.0 117 997

5 2.0 114 1200

6 2.0 115 560

7 2.5 250 900

8 . 25 3 1500

9 2.5 P. :: Probe Failed

10 2.5 560

11 1.0 26 535 Only Static Pressure Mleasuredi

12 1.0 27 14 Only Static Pressure Measured
13 1. 0 25 1440 Only Static Pressure Measured

14 1.0 24 1100

15 1.0 25 540

16 1.5 50 1330

17 1.5 :2 1050 D .a Acquisition System
Malfunctions

18 3.5 50 550

19 1.5 50 545

20 1. 5 50 10ý4

21 1.5 l o0t 555

22 1.5 153 565
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Experiment No. M P To Comments

23 2.5 250 1350

24 2.5 -- -- Cooling Check

25 2.5 -- Calibrate P

26 2.5 - -- Clibrate P

27 2.0 95 1330

28 2.0 50 1250

29 2.0 120 560 P OnlyPT

30 2.0 120 560 PT Only

31 2.0 115 1260 Naval Ordnance Laboratory
Probe Used

32 2.0 220 1365

33 2.0 200 560 Only Static Pressure Measured j
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APPENDIX B

FIGURES
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Figure 1. Schlieren of Free Jet Showing Turbulent and! Nonturbulent Regions
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